Abstract. The effect of a homologue series of nonionic surfactants, namely poly(ethylene glycol) (PEG) fatty acid esters, differing in oxyethylene (PEG 8, PEG 12, and PEG 40) and fatty acid (stearate, mono and di-laurate, and mono and di-oleate) chain lengths, on in vitro skin permeability of ketoprofen (KTP) vehicled in plasters was investigated. The drug diffusion through hairless mouse skin as well as the effect of the surfactant type and strength was studied by Franz diffusion cells and ATR-FTIR spectroscopy. The use of PEG stearate series revealed that the surfactant with the largest polar head, namely PEG 40, was ineffective in enhancing the skin permeation of KTP, independently of the plaster concentrations. The effect of the hydrophobic chain was investigated only by using the shortest oxyethylene chains. The experimental results revealed that the oxyethylene chain length of surfactants appeared to be more influent than the alkyl chain. The prediction of the absorption enhancing capability of these PEG derivatives appeared related to the vehicle other than the proper combination of the number of ethylene oxide groups and alkyl groups.
INTRODUCTION
Nonionic surfactants have long been recognized as penetration enhancers due to their ability in modifying the permeability of several biological membranes, including skin (1) . Two possible mechanisms are proposed to explain their effects on the drug permeation through the stratum corneum (2, 3) . The former hypothesizes that the surfactants penetrated into the intercellular regions of stratum corneum may increase fluidity and, eventually, solubilize, and extract lipid components. The latter assumes that possible interactions and bonding of surfactants to keratin filaments may result in a disruption within corneocytes. Both the hypotheses were proven by testing the effect of polysorbate 80 (3) (4) (5) and polyoxyethylene ethers (6-8) on permeation of several drugs. These data clearly evidenced the key role of the complex chemical structure of nonionic surfactants in determining the enhancement effect. Indeed, the size as well as the shape of both the alkyl chain ("tails") and the polar group ("heads") influence the absorption-enhancing ability (9) . Moreover, structureactivity relationships of the hydrophobic chains of various penetration enhancers evidenced that the optimum length for saturated chains ranges between C8 and C14 (mostly from 10 to 12 carbon atoms) (9) (10) (11) (12) . These effects resulted independently of the number of hydrophobic chains contained in the surfactant structure. Indeed, similarly to one-chain derivatives, the most active enhancers containing two saturated hydrocarbon chains at the same length were those with C12 chains (11, 12) . Hence, it was suggested that the chain length and not the overall lipophilicity was important for the enhancement action. Compared to saturated chains, the longer the alkyl chain of the unsaturated fatty acids, the higher the fluxes and the shorter the lag times; in particular, the C18 to C20 chain-length derivatives provided the optimal permeationenhancing effects independently of the differences of position and numbers of double bonds (13) .
Despite the number of debates on the effects of fatty acids and fatty alcohols series (12, 14, 15) , few reports dealt with the influence of the volume of the surfactant polar head (16) and the nature of the donor medium (10,16) on the skin permeability of drugs. Surfactants in bulk solution can assemble into micelles which produce different consequences on the skin permeability of drugs with moderate lipophilicity: they could reduce the rate of transport of the drug (17) due to interactions with the drug (3) or determine the opposite effect due to an increase of apparent drug solubility.
Generally speaking, nonionic surfactants have been deeply studied and discussed in simple vehicles, such as solutions. Nevertheless, when drugs and surfactants are loaded in more complex systems, namely medicated plasters, in order to be administered, deviations from the pattern registered using solutions as a vehicle can occur (18) . Since the effects of nonionic surfactants as skin penetration enhancers in medicated plasters was scantily debated in literature, the present work aimed to provide a deeper insight into the use of such compounds. In particular, the selectivity and the enhancement effect of a series of polyoxyethylene esters (PEG) derivatives, on the skin permeability of ketoprofen vehicled in medicated plasters made of acrylic copolymer was studied in vitro by using Franz diffusion cells and full-thickness hairless mouse skin, as a membrane. The influence of the polar head group, the oxyethylene chain, and hydrophobic chain was investigated using nine different PEG derivatives loaded in plasters at three different strengths.
EXPERIMENTAL Materials
Ketoprofen (KTP) was supplied by LCM (Italy). Duro-tak 87-900A (DT 900A) was provided by National Starch (USA). Simulsol M 45, HLB=12.0 (PEG8-S) was obtained from Seppic (Italy); Cithrol 6MS, HLB=14.0 (PEG12-S) and Crodet S40LD, HLB=16.7 (PEG40-S) were obtained from Croda (Italy). PEG 400 monolaurate, HLB=13.0 (PEG8-ML), PEG 400 mono-oleate, HLB=12.0 (PEG8-MO), PEG 400 dilaurate, HLB=11.0 (PEG8-DL), PEG 600 mono-oleate, HLB=14.0 (PEG12-MO), PEG 600 dioleate, HLB=10.0 (PEG12-DO), were obtained from Mosselman (Belgium). Cithrol 4DO, HLB=8.8 (PEG8-DO), was obtained from Croda Chemicals Europe Ltd. (UK). All solvents were of analytic grade, unless specified.
Plaster Preparation and Drug Content
KTP was added to the polymeric solution under stirring at 100 rpm over a 1-h period. The homogeneous blend was let rest to remove air bubbles and then spread onto the siliconized liner by means of a hand-driven laboratory coating machine equipped with a blade coating head. The coating thickness was fixed at 300 μm. The coated mass was dried at 80°C for 20 min and laminated with the backing foil. Plasters were dye-cut out of the laminate in the final size, sealed in airtight pouches, and stored at 20°C until use. The matrix compositions of KTP plasters are reported in Table I .
To assess the drug content, a specimen of 50 cm 2 was dissolved in 50 mL methanol and the filtered solutions were assayed by the high-performance liquid chromatography (HPLC) method reported below.
Skin Membrane Preparation
Female CD-1 nude mice, 6 weeks old, (Charles River, Italy), initial weight 20 g, were used. The animals were housed in a conditioned environment (22± 1°C, 55± 5% relative humidity, 12-h light/12-h dark cycle), with free access to standard laboratory chow and tap water. The full-thickness skin was excised from the abdominal site after removal of the fat and the subdermal tissues by surgical scissor. The skin was washed with saline solution, its integrity verified by means of visual inspection and then it was frozen at −20°C until use.
In Vitro Skin Permeation Study
The hairless mouse skin was carefully mounted on the lower half of the Franz cell with the dermis facing downwards and the stratum corneum side in contact with the plaster. The upper and lower parts of the Franz cell were sealed with Parafilm® and fastened together by means of a clamp, with the membrane acting as a barrier between the donor and receptor compartments. The diffusion area and the volume of the receptor compartment are 1.766 cm 2 and about 7 mL, respectively. The receiver volume of each cell was individually calibrated. The receiver compartment was filled with a freshly prepared degassed pH 7.4 phosphate-buffered saline. Before using, the receptor solution was sonicated to remove dissolved air. Special care was taken to avoid the formation of air bubbles between the solution and the membrane in the receptor compartment. The Franz cells were kept at 37°C throughout the experiment, so that the skin surface temperature was 32±1°C. Only the receptor compartment was in contact with the circulating water at 37°C and each Franz cell was equipped with a stirring magnet. At predetermined times, 0.3 mL samples were withdrawn from the receiver compartment and immediately replaced with fresh receiver medium. Sink conditions were maintained throughout the experiment. The withdrawn samples were assayed directly by an HPLC method to determine the concentrations of the compound that had permeated through the membrane. All values are the averages of three parallel experiments.
Permeation Parameters
Permeation parameters were interpreted plotting the cumulative drug per unit skin area (Q/A) versus time. The gradient and x-intercept of the linear portion of the plot yielded steady-state flux (J ss ) and lag time (t), accordingly.
The enhancement ratio (ER), namely the ratio between J ss in the presence and absence of penetration enhancers, measured the enhancement in NSAIDs penetration (19) :
Test for significant differences between means were performed by Student's t test. Differences were considered significant at the P<0.05 level.
HPLC Analysis
The KTP contents in the plasters and the drug concentrations in the medium were determined by an HPLC method. HPLC system was an HP 1100, Chemstations (Hewlett Packard, USA). 
Enhancement Effect of PEG derivatives
The column was a Xterra, C18, 150×4.6 mm, 3.5 μm (Waters, USA) which was kept at 25°C, with a specific precolumn. The mobile phase was 0.05% acetonitrile/trifluoroacetic acid (55:45%, v/v). The flow rate was set to 1 mL/min. Six concentrations of the standard compound were injected at 5 μL (the ranges for UV 233 nm detection are 5-30 μg/mL) The linear regression equation of the standard curve, determined in duplicate, was obtained by plotting the amount of the standard compound injected against the peak area.
ATR-FTIR Spectroscopy
At the end of skin permeation experiments, the fullthickness hairless mouse skin was removed from the Franz cell and the plaster specimens were carefully eliminated. Solution, when used, was completely removed before the cell was disassembled. The skin was wiped by filter paper to remove any traces adhering to the surface and dried over 24-48 h in desiccator to eliminate water. A not-treated membrane was used as such as a control. FTIR spectra of control and all treated membranes were recorded in triplicate on the ATR accessory of the spectrometer SpectrumOne™ (PerkinElmer, USA) equipped with a diamond crystal with the following parameters: resolution of 2 cm −1 and number of 64 scans (n=3).
RESULTS

In Vitro Skin Permeation Experiment: Influence of the Polar Head
The average drug content of KTP in medicated plaster was 951.14±20.21, indicating that the drug concentration was equivalent in each series (20) .
The skin permeation profiles of KTP from medicated plasters were linear and the fluxes, J, are reported in Table I . As an example, the permeation profiles obtained by KTP-medicated plasters containing 10% w/w surfactants are reported in Fig. 1 .
The addition of PEG40-S never increased KTP flux with respect to the control plasters, plaster K1A.
The KTP fluxes (Table I) obtained from formulations including PEG8-S or PEG12-S were significantly higher (p<0.05) than that obtained from the control formulation (plaster K1A) with the exception of plaster K2 containing 5% w/w PEG8-S. Moreover, the KTP flux linearly increased according to the amount of enhancer loaded in the plaster (PEG8-S: r 2 =0.9871; PEG12-S: r 2 =0.9976). Generally speaking, the permeated amounts of KTP were not deeply increased and the enhancing effects of PEG8-S and PEG12-S were slightly evident on the KTP permeability (Table I) . Indeed, ER ranged from 1.12 (plaster K2) to 2.23 (plaster K8).
To prove the presence of the three PEG stearates into hairless mouse skin, an ATR-FTIR analysis was carried out on the membranes kept in contact with plasters containing 20% w/w enhancers during the skin permeation test (Table II) . Significant shifts in the peak position of the CH asymmetric stretching absorbance at 2,917 cm −1 and the CH symmetric stretching absorbance at 2,850 cm −1 were evident when PEG8-S or PEG12-S were used. PEG40-S did not cause any peak shifts, both when loaded in the plaster or in aqueous solution, suggesting that this surfactant did not enter into the stratum corneum neither modified the conformation of skin lipids (Fig. 2) .
In Vitro Skin Permeation Experiment: Influence of the Hydrophobic Chain
To assess the influence of the hydrophobic chain of PEG derivatives, the skin permeation experiments of the control plaster were carried out twice and the results were not statistically different (Table I , plasters K1A and K1B).
The average KTP content of the medicated plasters containing PEG derivates was 930.14±20.00 μg/cm 2 . The KTP fluxes significantly higher (p<0.05) than that of the control (namely plaster K1B) were measured for plasters K13 and K19, i.e., 5% and 10% w/w PEG8-ML, K17 and K20, i.e., 10% w/w PEG8-MO, PEG8-DO, and PEG8-DL, K16 and K22, i.e., 5% and 10% w/w PEG12-DO (Table I) . The lowest surfactant concentration (5% w/w) resulted suitable to significantly increase the KTP permeation only in presence of PEG8-ML and PEG12-DO contained in plasters K13 and K16, respectively. Increasing the enhancer concentration from 5% to 10%, the flux significantly increased only by using PEG8-MO, PEG8-DO, and PEG8-DL. PEG8 laurate or oleate showed fluxes significantly different at the highest concentration and only in the case of the monoesters. Comparing monoor di-substituted nonionic surfactants, only plaster K13 vs. K14 and plaster K21 vs. K22 had fluxes significantly different. In all cases, the KTP-permeated amounts were not deeply increased, as ER resulted in the range 1.07 (plaster K15)-2.20 (plaster K22) (Table I ). Significant shifts in the peak position of the CH asymmetric stretching absorbance at 2,917 cm − 1 and the CH symmetric stretching absorbance at 2,850 cm −1 were evident in case of PEG derivatives with fluxes different from control (data not shown).
DISCUSSION
The current results underlined the relevance of the polar head structure of PEG stearates in the enhancement process of a lipophilic compound, namely KTP. PEG40-S was unable to increase the fluxes of this compound. On the contrary, PEG12-S and PEG8-S were able to promote the skin penetration of KTP according to its concentrations in the medicated plasters. At the highest surfactant concentration the fluxes resulted higher in the case of PEG8-S than in that of PEG12-S.
In accordance with literature data, the enhancement effect of PEG stearates could be mainly due to their ability to penetrate into the intercellular regions of the stratum corneum, increase fluidity, and eventually solubilize and extract lipid components. After treating skin by PEG40-S, both loaded in plaster and used in solution, the lack of modifications on the diagnostic bands in the ATR-FTIR spectra with respect to the untreated samples confirmed its absence into the skin. In the case of PEG8-S and Mean values significantly different vs. not treated membrane used as control PEG12-S, the modifications in the ATR-FTIR spectra (Table II) were in agreement with the results of the skin permeability. Shin et al. evidenced similar correlation between the enhancer effectiveness, expressed as ER, of three nonionic polyoxyethylene ethers in poloxamer gels and the thermal behavior of rat skin samples (21) . The lack of the enhancement effect of PEG40-S on skin permeability of KTP could be due to the extremely high hydrophilicity (HLB≅16.0) or to the large volume associated with the hydrophilic head group, a polyoxyethylene chain of n =40, which inhibited the penetration of the surfactant into the skin as supported by the results obtained from the solution. This data is consistent with those reported by Lopez A. et al. (22) which reported more effective enhancing properties of Span®20 than Tween®20 on 5-FU skin penetration. The authors suggested that the large volume associated with the hydrophilic head group of Tween®20 could impede the penetration into the tails of the lipid bilayers of the stratum corneum. The dependency of the nonionic surfactants efficacy in improving skin penetration and the ethylene oxide chain length (E) was also described by Walters K.A. et al. (23) studying the influence of a series of polyethoxylated nonionic surfactants upon the transport of methyl nicotinate, a freely soluble molecule, across HMS as a membrane. The series of surfactants having the constant alkyl chain of C16 and an E chain from E6 to E14 increased the methyl nicotinate permeability coefficient up to 50%, while a minor influence on the permeability coefficient was measured in the case of ethylene oxide chain longer than E20.
The influence of a series of nonionic surfactants varied in the length of both alkyl chain and E chain, on the transport of ibuprofen across rat skin was also investigated by Park et al. (9) . At a constant alkyl chain length of 18, E(2)oleyl ether and E(10)stearyl ether showed a similar enhancing effect (3.20 and 3.14-fold, respectively), that are the highest within this series. In the stearyl ether series, the effect of the enhancers was in the order E(2)stearyl ether (1.61-fold)<E(100)stearyl ether (2.73-fold) ≅ E(20)stearyl ether (2.75-fold) < E(10)stearyl ether, while in the oleyl ether series, the order was E(20)oleyl ether (2.78-fold)<E(2)oleyl ether. In the case of the saturated chain (stearyl alcohol), very short or high E chain had the tendency to be less effective than E(10), as observed in our experiment (stearic acid) of KTP and at 5% w/w enhancers (Table I) . Meanwhile, in all other experiments the effect was similar to that of the oleyl series (9): the shortest chain surfactants seemed to perform better than the longest one, that means fluxes obtained by using PEG8-S were greater than or equal to PEG12-S and the effect of E40 was always deeply lower than the others (Table I) .
The experimental results obtained by using KTP plasters containing nonionic surfactants differing in alkyl-chain length showed that the enhancer concentration was relevant for the effect of the PEG derivatives; in most of the cases, the enhancement effect was measured at the percentage of 10% w/w while the KTP percutaneous absorption was rarely enhanced at the lowest concentration (Table I) .
It was confirmed that small E chain could contribute to the enhancement effect of the surfactant, according to literature data (24) but the dependence of the enhancement effect on the lipophylic portion was not so marked. Two different patterns were found considering the E chain equal to 8 or 12 and mono-or di-derivatives; the PEG8 monoderivatives permitted to obtain higher ER values than PEG12, while for dioleate trend resulted opposite (Table I) .
By comparing the fluxes obtained from plasters containing nonionic surfactants having the same number of hydrophobic chain, polar head group, i.e. PEG8, and percentage, plasters K17, namely monoleate, showed values significantly different from those obtained by using plasters K19 (p=0.04), but also K5 (p=0.01). The difference between the two saturated fatty acid were not significant. The trend of the fluxes of plasters containing PEG8 was always unsaturated C18>saturated C12, even if the difference between unsaturated C18 and saturated C12 fatty acid was significant only in few cases. In the case of the PEG12 monoester, the opposite trend was observed. In general, the enhancer potency, expressed as ER values, of the laurate and stearate esters was lower than those of the oleate esters (Table I) .
If the effect of the corresponding one and two hydrophobic chain enhancers was considered, only in a limited number of cases significant differences were measured in the flux values by doubling the same hydrophobic chain, namely plasters K13 vs. K14 (p=0.02) and plasters K21 vs. K22 (p=0.02). In this cases, the order between the fluxes obtained from analogues differing in number of hydrophobic chain was not similar, as plasters K13>K14 and K21<K22. This confirm that the size and number of the alkyl chains seemed to be less influent on the enhancing ability of the PEG derivatives when combined with a relatively small E chain.
In the PEG stearate series, the HLB value seemed to be a reliable predictor of the absorption enhancing capability. The less hydrophilic the PEG stearate (PEG8-S = 11.7; PEG12-S=13.5), the higher the enhancement effect on the skin permeability. But enlarging the set of molecules this resulted quite controversial. Therefore, it seems that the best balance to have the enhancement effect on the KTP skin permeability was in the range 10-14. Our results were different with respect to those of other authors. Park et al. (9) concluded that the nonionic surfactants resulted effective as enhancers of ibuprofen flux contained the E chain length of 2-5, HLB value of 7-9 and an alkyl chain length of C16-C18. Myoung and Choi (25) studied the effect of various vehicles on the skin permeability of isosorbide dinitrate (ISDN). The maximum flux of ISDN was indicated when the HLB value of vehicles was about 7. Furuishi T. et al. (26) investigated the enhancing effect on the percutaneous absorption of pentazocine from the isopropyl myristate solution system improved with glyceryl monocaprylate (GEFA-C8), which is a type of glycerol ester of fatty acid (GEFA). They revealed that the HLB value of GEFAs of about 8 seemed optimal for the enhancing effect on the percutaneous absorption of pentazocine.
It seems clear that a relevant variable is the vehicle. Nonionic surfactant at HLB values ranging 7-9 or lower (27) can penetrate into the skin resulting effective in enhancing the drug penetration when were in solution. In our study, the effect measured by using more hydrophilic surfactant, having higher HLB values, could be due to a best release from the lipophilic matrix of the plaster that is composed of hydrophobic side groups and had a relatively low content of water-soluble monomers. The escaping tendency of a molecule from a vehicle into the stratum corneum increased when decreased its interaction or affinity with the vehicle (28) . This can justify the highest HLB values of the PEG derivatives requested to have the optimal performance in these plasters.
CONCLUSION
The experimental results revealed that the surfactant alkyl chain seemed to be less influent than oxyethylene chain length in enhancing KTP permeability. The penetration into the skin and partitioning behavior from the vehicle, that means the potency as enhancer, resulted not so strongly dependent on the hydrophobic portion of the surfactant structure even if the presence of a double bond in the alkyl chain could lead to more efficient enhancers as the fluidity of the stratum corneum is altered (27) . The prediction of the absorption enhancing capability of these PEG derivatives appeared therefore related to the vehicle other than the proper combination of the number of ethylene oxide groups and alkyl groups.
